Abstract. The immunoreactivity of hypoxia inducible factor 1 · (HIF-1·) has been considered a reliable indicator of the HIF-1 pathway activation in tissue hypoxia. However, HIF-1· immunoreactivity has been evaluated with different antibodies and heterogeneous protocols. The need to interpret contradictory findings requires, among other things, a comparison of the antibodies. This could be accomplished by using identical, well characterized antigenic targets and by decreasing the influence of other variables. We applied most of the commercially available antibodies, and an antibody developed in our laboratories, to the human cervical cancer HeLa cell line and tissue sections from a renal cell carcinoma systematically, and to other tumors selectively. The expression of HIF-1· in HeLa cells was induced by the hypoxia-mimetic DFO. Non-induced HeLa cells were used as 'genuine' negative controls in addition to routine ones. HeLa cells (both induced and not induced) were also examined by immunofluorescence and Western blotting. We found that the antibodies showed immunostaining patterns with remarkable qualitative and quantitative differences, an observation not emphasized in previous literature. Certain antibodies require careful application to avoid specificity issues, and others to avoid low sensitivity problems. Pairing certain antibodies can optimize evaluation of HIF-1· expression. Most previous immunohistochemical studies of HIF-1· have attempted to map hypoxic neoplastic tissues or to demonstrate hypoxia in studies of neoangiogenesis, rather than 'measuring' HIF-1· expression or activation, because this requires a validated immunoassay. Our study thus allows for the development of a controlled and comparative HIF-1· immunoassay, which could be valuable if HIF-1· becomes a therapeutic target.
Introduction
HIF-1· plays important roles in hypoxia-induced mechanisms for tumor survival, invasion and metastasis (1) (2) (3) . Therefore, there is a significant number of studies on HIF-1· expression (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) .
HIF-1· expression levels have been studied by different methods, including immunohistochemistry (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . Initially, the number of antibodies used was limited, but later on, most studies have been using several commercially available antibodies . HIF-1· generally has been found to be overexpressed in tumors and to correlate with adverse prognoses; however, some inconsistent findings have been noted (51, 52) .
Recently we have been involved in testing a new polyclonal anti-HIF-1· reagent that we generated in our laboratories (53) . During the process of evaluating this antiserum we had the opportunity to study the immunoreactivities of most commercially available anti-HIF-1· antibodies in HIF-1·-expressing (DFO-treated) and non-expressing (non-DFO treated) pelleted human cervical cancer HeLa cells. We used immunohistochemistry, immunofluorescence and Western blotting. To further evaluate HIF-1· immunoexpression we also stained HeLa cells for BNIP-3 and VEGF, two wellknown targets of HIF-1·, which should be upregulated in DFO-treated cells. To compare the immunoreactivity patterns of different HIF-1· antibodies we immunostained serial sections from a single renal cell carcinoma derived from a patient with von Hippel Lindau syndrome. In addition, we immunostained a variety of tumor types with the same panel of antibodies. We used image analysis to optimize the evaluation of staining. We present our findings, which show remarkable antibody-dependent variation of immunostaining. This comparison may help by highlighting certain issues on HIF-1· immunoreactivity, and also by optimizing the selection of a HIF-1· antibody panel for future studies.
Materials and methods
Cell cultures and pellets. The human cervical epithelial cell line HeLa was maintained in Dulbecco's modified Eagle's medium (DMEM, High Glucose) (Gibco BRL), supplemented with 10% fetal bovine serum (Biochrom KG Seromed). Cells were incubated at 37˚C in a humidified atmosphere containing 5% CO 2 .
HIF-1· was induced by adding desferrioxamine (DFO) at final concentration of 150 μM. Then cells were collected, pelleted and fixed overnight in 4% buffered formalin. The cells were then dehydrated, cleared and processed to paraffin blocks, similarly to minute, routine, tissue samples in an automate tissue processor (Shandon Citadel 2000, ThermoElectron Corporation, UK). Sections, 3 μm thick, were obtained for immunohistochemistry.
Tissue samples. Archival tumor samples were retrieved from the files of the Pathology Department of University of Thessaly. As selection criterion we used the previously described HIF-1· immunoreactivity in surgical samples of similar morphology (3, 17) . The types and numbers of these tissue samples are shown in Table I . A more detailed comparison of immunostaining was done in sections of one renal cell carcinoma and described in the Results.
Western blot analysis. After incubating HeLa cells for 4 h
with DFO, cells were lysed in 20 mM Tris-Cl, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 0.5% ß-mercaptoethanol, 6 mM MgCl 2 in the presence of a cocktail of protease inhibitors (pefabloc 1 mM, leupeptin 1 μM and pepstatin 1 μM). Protein extracts (40 μg) were resolved by 8% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes according to standard protocols.
Western blots were analysed with five anti-HIF-1· antibodies (Table II) . Membranes were then incubated with horseradish peroxidase-conjugated anti-mouse IgG goat (1:3000; BioRad Laboratories, Hercules, CA, USA) or antirabbit IgG (1:3000, Cell Signaling, Beverly, MA, USA) and proteins were detected by enhanced chemiluminescence (ECL, Amersham).
Immunofluorescence microscopy. HeLa cells growing on glass slides were treated with 150 μM DFO for 4 h. They were then fixed with 3% formaldehyde and permeabilized with PBS containing 0.1% Triton X-100 for 15 min. After blocking non-specific binding with 3% bovine serum albumin (BSA) in PBS-0.1% Tween-20 overnight, the cells were incubated for 1 h at room temperature with different anti-HIF-1· antibodies (Table II) . Primary antibodies were detected by incubation with a fluorescein isothiocyanate (FITC)-conjugated rabbit anti-mouse secondary antibody (BioRad, 1:50 dilution in PBS containing 1% BSA) and CY3-conjugated anti-rabbit secondary antibody (1:50 dilution in PBS containing 1% BSA). After washing twice with PBS, cells were counterstained with 4',6-diamino-2-phenilindole dihydrochloride (DAPI) for 2 min and mounted on slides. Images were collected on an Axioscope 40 Zeiss microscope.
Immunohistochemistry HIF-1·. Immunostaining of HeLa cell pellets, tumor tissue samples and in serial sections of the same renal cell carcinoma was performed with all the monoclonal (MAbs) and polyclonal (PAbs) antibodies listed in Table II . The preparation of 3 μm sections from HeLa cell pellets was described above. Prior to immunostaining, routine hematoxylin-eosin sections were examined in order to verify the optimal preservation of HeLa cells.
The tissue samples had been fixed in 10% buffered formalin, processed and routinely embedded in paraffin. Sections were cut at 3 μm using a Leica TP1020 microtome and dried overnight at 60˚C. After deparaffinization in xylene, the sections were rehydrated in decreasing ethanol solutions. Different methods of antigen retrieval were tested in pilot experiments (data not shown). Under the conditions of the study, optimal antigen retrieval was achieved by microwaving all sections in 0.01 M citrate buffer solution (pH 6.0) for 20 min, (LG WAVEDOM, 850 W). This antigen retrieval remained optimal independently of the type of the primary antibody. Given this preliminary observation and the need to decrease the number of variables affecting immunoreactivity in antibody comparison, we used uniformly the aforementioned antigen retrieval method.
After the antigen retrieval, the sections were cooled and then they were washed in phosphate-buffered saline (PBS) for three times. Then they were incubated in 0.3% hydrogen peroxide for 10 min, to block endogenous peroxidase.
Tissue sections and sections from pelleted cell blocks were incubated overnight at 4˚C with each antibody. The optimal dilutions were determined by trial and error (Table II) . Then, the slides were washed in PBS and Envision fluid (polymerperoxidase method, EnVision+/HRP, Dako, Carpinteria CA, USA) was added, followed by incubation for 30 min. Bound antibodies were visualized by using 0.05% 3,3'-diaminobenzidine solution (DAB, Dako). Finally, Table I . Tumor samples immunostained with antibodies to HIF-1·. 
sections were counterstained with hematoxylin and mounted in DPX (BDH, UK). Negative controls were performed by omitting of the primary antibody and by substituting the primary anti-bodies with nonimmune sera. Sections from pelleted HeLa cell lines, not HIF-1· induced, were also included as negative controls.
BNIP-3. Sections (3 μm) from HeLa cell pellets were dried onto slides overnight at 60˚C. After deparaffinization in xylene and rehydration in decreasing ethanol solutions, slides were heated in 0.01 M citrate buffer solution (pH 6.0) for 10 min in a microwave oven. The sections were cooled, washed in PBS and incubated in 0.3% hydrogen peroxide in methanol for 15 min to block endogenous peroxidase. After washing with PBS, 75 μl of blocking buffer (Dako) was added to each section for 1 h. Then, the sections were incubated with the primary antibody (rabbit polyclonal antibody to BNIP3, Abcam, UK) at 1:75 dilution, overnight at 4˚C. After antibody incubation, slides were treated for 1 h with a secondary antibody, and the streptavidin-biotinperoxidase complex was added for 45 min (LSAB+system-HRP, Dako), following which 0.05% 3,3'-diaminobenzidine (DAB) plus H 2 O 2 was applied for 5 min to complete development. Finally, slides were counterstained with hematoxylin and mounted. For the negative control the incubation step with the primary antibody was omitted. Also sections from the pelleted non HIF-1·-induced HeLa cells considered as negative control.
VEGF. Sections (3 μm) from HeLa cell pellets were dried onto slides overnight at 60˚C. After deparaffinization in xylene and rehydration in decreasing ethanol solutions, slides were heated in 1 mM EDTA solution (pH 8.0) for 2 min in a pressure cooker. The sections were cooled, washed in PBS and incubated in 0.3% hydrogen peroxide in methanol for 15 min to block endogenous peroxidase. After washing with PBS, sections were incubated with the primary antibody (clone JH121, Neomarkers, UK, dilution 1:50) for 1 h in room temperature. Then, the slides were washed in PBS and Envision fluid (polymer-peroxidase method, EnVision+/HRP) was added, followed by incubation for 30 min. The slides were counterstained with hematoxylin and mounted. A hemangiosarcoma was used as positive control. A section in which the primary antibody was substituted with nonimmune mouse serum was used as negative control.
Image analysis. The public domain software for image analysis 'ImageJ for microscopy' (Rasband, W.S., ImageJ, US National Institutes of Health, Bethesda, MD, USA, http://rsb.info.nih.gov/ij/, 1997-2007) was utilized in order to dissociate the nuclear from the cytoplasmic immunostaining (54) . The basic methodological steps are briefly mentioned in results regarding MAb3 and corresponding Fig. 4A . First, the color deconvolution plugin was applied in order to separate haematoxylin stain from the chromogen stain. Then, the k-means clustering plugin was performed for pixel-based segmentation of the RGB images with the antibody staining. Four class k-means segmentation was applied in order to discriminate specific nucleus staining. The threshold color plugin was used to filter out pixels that were of different staining intensity than the nucleus.
Results

Analysis of human cervical cancer HeLa cells.
To evaluate the polyclonal anti-HIF-1· antibody produced by our group ONCOLOGY REPORTS 24: 161-169, 2010 Table II. Antibodies to HIF-1· used in this study. 
In preliminary pilot experiments we used HeLa pellets and a renal cell carcinoma previously known to express HIF-1·, in order to determine the optimal dilution of each antibody. This was done after optimizing the antigen unmasking method and after determining that overnight incubation would offer the best signal/noise ratio for this particular immunoassay. For each antibody we tested a range of dilutions and two observers blindly selected the 'optimal' one at a later time.
b This antibody was raised in rabbits using as antigen recombinant GST-HIF-1· 348-826 (53) . For Western blotting of HeLa cells we used MAb3 (dilution 1:1000), MAb4 (dilution 1:500), MAb5 (dilution 1:500), PAb (dilution 1:500) and PAb2 (dilution 1:1000). For immunofluorescence of HeLa cells the dilution was 1:100 for each antibody used.
and compare it to other widely used commercially available antibodies, we first analyzed total cell extracts from HeLa cells by Western blotting. Under normal conditions, subconfluent cultures of HeLa cells express very low to undetectable levels of HIF-1·. However, treating these cells with the hypoxiamimetic and iron-chelating agent DFO leads to stabilization and rapid accumulation of HIF-1·, as well as stimulation of HIF-1 transcriptional activity (55) . As shown in Fig. 1 , our antibody (PAb2), as well as three monoclonal (MAb3-5) and one polyclonal (PAb1) commercial antibodies, readily detected HIF-1· only in the DFO-induced cell extracts. However, the staining intensity and specificity varied. Of the three antibodies showing the highest specificity, MAb4 detected only full length HIF-1· (Fig. 1, lane 7) , and MAb5 and PAb2 also detected low molecular weight bands, which were absent from the non-induced samples and may, therefore, correspond to partial degradation products of HIF-1· (lanes 9 and 13). MAb3 and, to a lesser degree, PAb1 (which was the weakest one) detected a low molecular weight band in both induced and non-induced samples, suggesting their cross-reactivity with at least one more protein besides HIF-1·.
The same antibodies were also used to detect HIF-1· in DFO-treated cells by immunofluorescent microscopy (Fig. 2) . MAb4, MAb5 and PAb2 exhibited strong nuclear staining and undetectable cytoplasmic staining in DFO-induced HeLa cells (Fig. 2B, C and E) , confirming that stabilized HIF-1· accumulates efficiently inside the nucleus of these cells. In agreement with the Western blotting results, staining in the untreated cells by these antibodies was completely absent or barely detectable. Staining by PAb1 was weak but appeared specific, because only the nuclei of treated cells were labeled (Fig. 2D) . Finally, MAb3 stained nuclei and cytoplasm of both DFO-treated and untreated cells ( Fig. 2A) , which is in accordance with the limited specificity exhibited by the same antibody in the Western blot experiments (Fig. 1,  lanes 4 and 5) .
These and three additional monoclonal antibodies (MAb1 and MAb2, which correspond to the same clone as MAb3 and Mab6) (Table II) were then used to immunohistochemically detect HIF-1· in pelleted, formalin-fixed and paraffin-embedded DFO-induced or untreated HeLa cells.
Immunoreactivity patterns are summarized in Table III . Salient findings are depicted in Fig. 3 . The following describes each probe's immunoreactivity: MAb1 and MAb2 stained the majority of the DFO induced HeLa cells (Fig. 3a and c) . The nuclear staining was intense and there was also nucleolar staining. Cytoplasmic staining was detectable. The controls, non-DFO induced pelleted HeLa cells, showed very weak cytoplasmic staining. Nuclei and nucleoli were not stained in the non-induced controls ( Fig. 3b and d) .
MAb3 stained the majority of the induced HeLa cells (Fig. 3e) . The nuclear staining was intense and there was also nucleolar staining. Cytoplasmic staining was detectable. In some cells the presence of cytoplasmic staining made it difficult to assess the nuclear staining. The controls, noninduced HeLa cells, showed cytoplasmic staining weaker or similar to that of the hypoxic cells (Fig. 3f ). In addition, there was a subset of cells with weak nuclear staining of unknown significance. Nucleoli were not stained in the non-induced controls. The assistance of image analysis confirmed the presence of 'genuine' nuclear staining (Fig. 4A ).
MAb4 and MAb5 stained a subpopulation of the induced HeLa cells (Fig. 3g and i) . The nuclear staining was variable, being strong in some cells and weak in others. A significant number of cells (60-70%) did not show nuclear staining. There was no nucleolar or cytoplasmic staining. The control noninduced HeLa cells did not show nuclear, nucleolar or cytoplasmic staining (Fig. 3h and j) .
MAb6 stained a subpopulation of the DFO-induced HeLa cells. The intensity of the nuclear staining varied and there was no nucleolar or cytoplasmic staining (Fig. 3k) . The control non-induced HeLa cells did not show nuclear, nucleolar or cytoplasmic staining (Fig. 3l) .
PAb1 stained almost all of the induced HeLa cells (Fig. 3m) . The nuclear and cytoplasmic staining was intense. There was also strong nucleolar staining. In many cells the presence of cytoplasmic staining hindered the evaluation of nucleoplasmic immunoreactivity. In the control HeLa cells, cytoplasmic staining was detectable but was weaker than in the HIF-1· induced cells. Rare cells also showed weak nucleoplasmic staining. Nucleolar staining was strong (Fig. 3n) .
PAb2 stained almost all the induced HeLa cells (Fig. 3o ). The nuclear staining showed slight variations. There was nucleolar staining and cytoplasmic staining was also detectable. In some cells the cytoplasmic staining showed a similar intensity to the nucleoplasmic staining; whereas in other cells the immunostaining was weaker in the cytoplasm than in the nucleoplasm. In the control HeLa cells, there was no nuclear or nucleolar staining. Cytoplasmic staining was rarely detectable and significantly weaker than that in the ONCOLOGY REPORTS 24: 161-169, 2010 Table III . Immunoreactivity in HIF-1· expressing and non-expressing HeLa cell lines.
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DFO treated cells (Fig. 3p) . Immunostaining was reproducible in each of the above experiments.
To confirm functional HIF-1· expression we also analyzed the expression of the known HIF-1 target gene products , f, h, j, l, n, p) with MAbs 1-6 and PAbs 1 and 2. MAb1, intense nuclear staining and detectable cytoplasmic staining in induced cells (a). MAb1, absent nuclear staining and weak cytoplasmic staining in negative control (b). MAb2, intense nuclear staining and present cytoplasmic staining in induced cells (c). MAb2, absent nuclear staining and weak cytoplasmic staining in negative control (d). MAb3, intense nuclear, nucleolar and cytoplasmic staining in induced cells (e). MAb3, nuclear staining is present in a few cells and detectable cytoplasmic staining in negative control (f). MAb4, a minority of cells shows nuclear staining and cytoplasmic staining is not seen in induced cells (g). MAb4, no nuclear neither cytoplasmic staining is detectable in negative control (h). MAb5, a subset of cells with nuclear staining and cytoplasmic staining is not seen in induced cells (i). MAb5, nuclear or cytoplasmic staining is not detectable in negative control (j). MAb6, nuclear and weak cytoplasmic staining is seen in induced cells (k). MAb6, absent nuclear and cytoplasmic staining in negative control (l). PAb1, intense nuclear, nucleolar and cytoplasmic staining in induced cells (m). PAb1, strong nucleolar staining is seen and detectable cytoplasmic staining in negative control (n). PAb2, nuclear and weaker cytoplasmic staining in induced cells (o). PAb2, absent nuclear staining and detectable focal cytoplasmic staining in negative control (p). (Original magnification x400). (Fig. 3e and f) in detail in Materials and methods. (a) Haematoxylin stain was separated from the chromogen stain after application of the colour deconvolution plugin. (b and c) Pixels of the chromogen stained image were grouped according to their proximity to the cluster's centroids. A cluster of pixels corresponding to chromogen staining specified at the nuclear area can be discriminated. (d) Color threshold was used to filter out pixels that were of different staining intensity than the nucleus. (B) Examples of the immunostaining in the case of renal cell carcinoma. MAb1, diffuse and intense nuclear staining. Cytoplasmic staining is present (e). MAb2, focal nuclear staining. Weak cytoplasmic staining is detectable (f). MAb3, diffuse and intense nuclear staining. Cytoplasmic staining is present (g). MAb4, focal nuclear staining is seen. Cytoplasmic staining is not present (h). MAb5, focal nuclear staining. Cytoplasmic staining is not present (i). MAb6, nuclear staining is focal and variable. Cytoplasmic staining is not seen (j). PAb1, diffuse and intense nuclear staining. Cytoplasmic staining is prominent (k). PAb2, nuclear staining is convincing. Cytoplasmic staining is absent (l). (Original magnification x400).
BNIP-3 and VEGF. A polyclonal rabbit antibody for BNIP-3 stained most of the DFO induced HeLa cells. There was predominantly cytoplasmic staining. In addition, there was focal and variable nuclear staining. The control non-induced HeLa cells did not show cytoplasmic or nuclear staining (data not shown). Mab JH121 for VEGF stained >60% of the DFO induced HeLa cells. The staining was cytoplasmic and of variable intensity. There was no significant nuclear staining. The control HeLa cells did not show cytoplasmic or nuclear staining (data not shown).
Analysis of tumor tissue samples. Fig. 4 shows immunostaining with various antibodies. Regardless of the tumor origin or type, each antibody maintained its own, somewhat 'idiosyncratic', immunoreactivity pattern, which was similar to that, described previously in the pelleted HeLa cells. Thus, in order to avoid repetitive and beyond scope descriptions, we elected to simplify the results presentation by including comments and comparative illustrations only from the immunostaining of renal cell carcinomas (Figs. 4Be-l) .
MAbs 1 (Fig. 4Be) , 2 ( Fig. 4Bf ) and 3 ( Fig. 4Bg) , and PAb1 (Fig. 4Bk) and 2 (Fig. 4Bl) , stained the majority of renal cell carcinoma cells (clear cell type). MAbs 4 (Fig. 4Bh) , 5 ( Fig. 4Bi) and 6 (Fig. 4Bj ) stained a variable subset of renal cell carcinoma cells.
The nuclear (nucleoplasmic) staining was diffusely intense with MAbs 1, 2 and 3 and PAb1 and 2 (Fig. 4Be , f, g, k and l). In contrast, the nuclear staining using MAbs 4, 5 and 6 varied (Fig. 4Bh, i and j) .
Sporadic nucleolar staining was seen with MAbs 1, 2, 3 and 4 and PAb1 and 2 (Fig. 4Be, f , g, h, k and l). Nucleolar staining was not seen with MAbs 5 or 6 ( Fig. 4Bi and j) .
Cytoplasmic staining was seen with MAbs 1, 2 and 3 and PAb1 (Figs. 4Be, f, g and k) . Cytoplasmic staining did not hinder the evaluation of nuclear immunoreactivity. In contrast, there was no cytoplasmic staining with MAbs 4, 5 or 6 or PAb2 (Fig. 4Bh, i, j and l) .
Discussion
Immunohistochemistry has been a common method of studying HIF-1· expression in tumor samples (3, 56) . Antibody selection has been largely limited to a few commercially available reagents (28, 29, 30, 31, 34, 36, 48) and variation in HIF-1· immunoreactivity has been documented (3). This variation has been ascribed primarily, albeit conveniently, to alterations of tumor neovascularization and hypoxia. Rarely, attempts have been made to check whether the variation could reflect differential antibody reactivities. Our study, by applying for the first time a systematic approach, demonstrated that HIF-1· immunostaining might show significant variation that could be 'antibody-dependent'.
Nuclear HIF-1· immunostaining has been evaluated in most studies because it is well known that the 'active form' of HIF-1· is localized in the nucleus (6) . Two antibodies, MAb3 and PAb1, may show weak nuclear immunostaining even in non-HIF-1· expressing cellular populations, such as the control HeLa cells used in our study (Fig. 3) . One of these antibodies (MAb3) also stained non-HIF-1· expressing cell nuclei by using immunofluorescence (Fig. 2) . Both antibodies 'detected' additional proteins (other than HIF-1·) in Western blots (Fig. 1) . The other six antibodies did not react with nuclei of control non-HIF-1· expressing HeLa cells. Image analysis showed that by eliminating various aspects of staining we could obtain images that contained only nuclear staining, with no remaining cytoplasmic staining. This method could be helpful for standardizing the evaluation of HIF-1· immunoreactivity. Similar image analysis applied to MAb3 showed immunostaining of the non-HIF-1· expressing HeLa cells, and we noted appreciable 'residual' nuclear immunostaining. We were convinced that this staining could not be attributed to confusing, non-specific cytoplasmic immunostaining. Therefore, nuclear immunoreactivity should be evaluated carefully.
MAb1, MAb2, MAb3 and PAb1 stained nucleoli consistently and intensely. PAb2 stained the nucleoli of rare HeLa induced cells. PAb1 was the only one which also stained nucleoli of the control HeLa cells. It is of interest to note that attention to the nucleolar staining was prompted by microscopic examination of immunoreactive HeLa cells, not tissue sections. It is difficult to find examples of distinction between nuclear and nucleolar staining in the pertinent literature. However, the nucleolar localization of HIF-1· has been established (57) . Moreover, nucleolar HIF-1· is considered to represent an 'inactive' form. Therefore, when using the aforementioned antibodies, an attempted distinction between mere nucleolar staining and generalized nuclear staining seems justifiable and advisable.
The presence and the biological significance of cytoplasmic HIF-1· staining are controversial. Certain authors have chosen to neglect cytoplasmic immunoreactivity altogether (34, 39, 43, 48) . Others mention its presence but opt to ignore its biological significance (30) . Other studies have evaluated cytoplasmic immunoreactivity as a genuine element of HIF-1· expression (20, 31, 42, 45) . Recent studies suggest that, at least in cell cultures, transport of HIF-1· between nucleus and cytoplasm is a highly regulated process, linked to the proliferation state of the cells (58, 59, 60) . It is beyond the scope of our study to investigate the possible biological significance of cytoplasmic HIF-1· in tissue samples. However, it is worth noting that with one antibody (Mab3), cytoplasmic staining of similar intensity was seen both in HIF-1· expressing and non-expressing HeLa cells, not only in paraffin-embedded pellets but also by immunofluorescent microscopy ( Fig. 2A) . Cytoplasmic staining in non-HIF-1· expressing HeLa cells was noted when using antibodies that detected more than the expected proteins in Western blots (Mab3, Pab1). The only exception to this was our polyclonal antibody, which produced weak cytoplasmic staining despite its specificity verified by Western blotting. Again, this staining was similar in HIF-1· expressing and non-expressing HeLa cells. Thus, even if HIF-1· immunoreactivity is detectable in the cytoplasm, it may not represent a component induced by hypoxia and, for that reason, it should not be used as marker of hypoxic tumor cells.
Two monoclonal antibodies (MAbs 4 and 5) stained exclusively the nuclei of HIF-1· expressing HeLa cells and tissue samples. There was no cytoplasmic or nucleolar staining. In addition, there was no immunoreactivity in non-DFO treated HeLa cells. The corresponding Western blots ONCOLOGY REPORTS 24: 161-169, 2010 confirmed specificity; however, they stained only a subset of HIF-1· expressing HeLa cells. Indeed, with one of these two antibodies (MAb4), this subset was small (30-40%). Similarly, in tumor samples the proportion of immunoreactive nuclei was smaller that that obtained by using the other three antibodies. These findings suggest that for immunohistochemical assessment of HIF-1· expression, at least two antibodies could be selected. One antibody, preferably polyclonal, can be used to enhance 'sensitivity' and a different one, preferably monoclonal, to 'guard' the immunoassay's specificity.
The future demand for reliable immunoassays and precision-oriented immunohistology will follow the increasing application of novel targeted therapies. HIF-1· is already seen as a therapeutic target (61) . A significant portion of the previous literature may be unsuitable for serving the development of an HIF-1· immunoassay, and this cannot be attributed solely to the reagents variability. Positive and negative tissue controls, essential components of an immunoassay, appear to have been neglected (62) . The option to substitute tissue controls of unknown hypoxic status with well characterized HIF-1· overexpressing cell lines has not been addressed systematically. Indeed, it has not been applied in most immunohistochemical studies of HIF1· expression. Our study clearly indicates the usefulness to examine cell-line controls in parallel to tissue samples. Furthermore, future HIF-1· assays should include methods to estimate the biological significance of a given HIF-1· overexpression by confirming concurrent overexpression of downstream genomic targets. For that reason, several studies (20, 26, 29, 48) have used the immunohistochemical detection of VEGF with variable success. However, other downstream targets are currently being explored. Their protein products are not secreted and may become stable antigenic targets. Novel findings and our study suggest that BNIP3 expression could be useful (63) .
BNIP3 is a pro-apoptotic protein that belongs to the Bcl-2 family (64). Cell death mediated by BNIP3 is independent of caspases and shows several characteristics of necrosis. BNIP3 plays an important role in the hypoxia-induced death of normal and neoplastic cells. BNIP3 is regulated by HIF-1·, which binds to a site on a BNIP3 promoter. Our study represents the first attempt to investigate BNIP3 expression as a marker of hypoxic cells in a wellcharacterized hypoxic cell line model.
The present study is not designed to offer a ready-to-use HIF-1· immunoassay. However, it demonstrates the task's feasibility and, at the same time, highlights some of the relevant problems. Both are considered as obligatory steps toward further developments in this field of work.
